RAFT polymerization with cross-linking was used to prepare core cross-linked star polymers bearing temperature sensitive arms. The arms consisted of a diblock copolymer containing N-isopropylacrylamide (NIPAAm) and 4-methacryloyloxy benzoic acid (4MBA) in the temperature sensitive block and poly(hexyl acrylate) forming the second hydrophobic block, while ethyleneglycol dimethacrylate was used to form the core. The acid comonomer provides pH sensitivity to the arms and also increases the transition temperature of polyNIPAAm to values in the range of 40 to 46 ∘ C. Light scattering and atomic force microscopy studies suggest that loose core star polymers were obtained. The star polymers were loaded with 5-fluorouracil (5-FU), an anticancer agent, in values of up to 30 w/w%. In vitro release experiments were performed at different temperatures and pH values, as well as with heating and cooling temperature cycles. Faster drug release was obtained at 42 ∘ C or pH 6, compared to normal physiological conditions (37 ∘ C, pH 7.4). The drug carriers prepared acted as nanopumps changing the release kinetics of 5-FU when temperatures cycles were applied, in contrast with release rates at a constant temperature. The prepared core cross-linked star polymers represent advanced drug delivery vehicles optimized for 5-FU with potential application in cancer treatment.
Introduction
Recent research reports on stimuli-responsive polymers have been focused in the field of polymer topology, particularly in the synthesis of well-defined macromolecules with precisely controlled architecture by incorporating site-specific branching points and functionalities [1] , in addition to their ability to respond to various stimuli like temperature, pH, or light [2] . The features mentioned above are desirable for the preparation of tailor-made polymeric systems for a broad range of applications covering the fields of drug delivery, diagnostics, biotechnology, sensors: micromechanical and optical systems, coatings, and textiles [3] .
Star polymers represent a special case of branched macromolecules and are very attractive for polymer chemists due to their multiarm topological architecture, smaller hydrodynamic size, ideal rheological behavior, particular bulkiness, and solution properties compared to their linear counterparts [4] . Well-defined star polymers can be prepared by growing the polymer arms from a functional core (core-first) or by the "arm-first" approach, where end-functionalized polymeric chains are attached to a functional core by specific reactions or by copolymerization with a cross-linker. The "arm-first" approach exhibits several advantages over the "core-first" methodology, such as an easier procedure to achieve higher molecular weight star polymers without the formation of coupling star structures [5] and the possibility of having well-defined arms and combining different types of arms in a single star [6] . Star polymers were first synthesized by the "arm-first" approach in 1966 using anionic living polymerization to obtain arms followed by a reaction with a suitable linking agent to create the star polymer architecture [7] . Controlled radical polymerization (CRP) techniques, such as atom transfer radical polymerization (ATRP) [8] , 2 Journal of Chemistry nitroxide mediated radical polymerization (NMP) [9] , and reversible addition-fragmentation chain transfer polymerization (RAFT), have been versatile techniques for the synthesis of star polymers using both "arm-first" and "core-first" methods [10] [11] [12] [13] . Star polymers can be divided into two structural categories, homogeneous (homoarm) or mixed (miktoarm) star polymers [6] . Arms may be built of homo-, co-, or even terpolymers, in such a way that the final properties of the resulting star-shaped polymers can be adjusted by choosing the respective chemical structure of arms and core, depending on the required application [14] .
Amphiphilic polymers formed by hydrophilic and hydrophobic segments self-aggregate in aqueous solutions to form micelles and other types of aggregates [15] [16] [17] [18] . Amphiphilic star polymers may also aggregate in a complex fashion depending on their chemical composition, relative size of core to arms, number of arms, and so forth [19] [20] [21] .
Due to their small size (<200 nm), star polymers may accumulate in tumors or inflamed tissues through the enhanced permeability and retention effect (EPR) [22] . Several pathologies, such as inflammation, tumor, and infarcted tissue, show a local decrease in pH (1-2.5 pH units) [23] [24] [25] . The particular pH conditions at pathological sites, and also local heating by [2] [3] [4] [5] ∘ C in solid tumors, can be used to enhance drug release from accumulated or locally administered stimuli-responsive polymeric materials [26] [27] [28] .
An important issue for the biomedical application of temperature sensitive stars polymers is to adjust the transition temperature (LCST) above normal body temperature; thus, when the nanomaterials are injected into the body, they are in the swollen state (37 ∘ C < LCST) and circulate in blood vessels but collapse inside cancer tissue ( tumor > LCST) due to the hydrophobic change at temperatures above their LCST [29] . The process of collapse (and possible aggregation) leads to drug release inside tumors [30, 31] . The LCST of polyNIPAAm (32 ∘ C) can be increased by copolymerization of NIPAAm with hydrophilic or ionized monomers [32, 33] . It was demonstrated that copolymerization of NIPAAm with amphiphilic weak acid monomers allows tuning the LCST of polyNIPAAm above body temperature [13] ; this leads, in the case of nanohydrogels, to maintaining adequate swelling/deswelling properties [34, 35] .
In a previous study, our group has reported the synthesis of core cross-linked (CCS) temperature sensitive star polymers with a random number of poly(N-isopropylacrylamide)-b-poly(hexyl acrylate) (PNIPAAm-b-PHA) or PNIPAAm arms using the RAFT polymerization technique. Furthermore, the release behavior of different drugs from those star polymers was also investigated observing that a star polymer with PNIPAAm-b-PHA arms is more effective in entrapping drugs than a star polymer formed by pure PNIPAAm arms since the PHA block forms a hydrophobic intermediate shell over the core where hydrophobic drugs can be entrapped [12] . Other examples of PNIPAAm-based star polymers have been developed for drug delivery applications [21, [36] [37] [38] [39] [40] [41] [42] . However, most of them have been designed so as to be able to entrap and release the drug due to the ability of PNIPAAm star polymers to self-aggregate [21, [36] [37] [38] [39] [40] [41] , which may have the drawback of early aggregate disruption due to the dilution factor in the bloodstream, resulting in premature drug release. CCS star polymers represent intermediate architecture between branched polymer chains and polymer nanoparticles [43] . They are larger than conventional star polymers, having a single molecule or atom as a core, but smaller than nano/microgels. They have the advantage of presenting a relatively large core (cargo compartment) depending on the synthetic conditions and they are surrounded by a large number of polymer arms that stabilize them, making them dispersible in a suitable solvent for the arms and preventing self-aggregation.
In the present study, the RAFT technique was employed to synthesize poly(NIPAAm-co-amphiphilic weak acid) polymers to tailor the LCST in the range of 40 to 46 ∘ C at pH of 7.4. These polymeric chains were further activated to form block copolymers with HA. The block copolymers were used to prepare dual sensitive, temperature and pH, star polymers, cross-linked with ethyleneglycol dimethacrylate (EGDMA).
These CCS star polymers were tested to load 5-fluorouracil (5-FU), an anticancer drug, and to study their drug delivery behavior under different in vitro conditions.
Experimental Section

Materials.
The acid monomer, 4-methacryloyloxybenzoic acid (4MBA), the RAFT agent, 2-hydroxyethyl 2-phenylacetate dithiobenzoate (DFH), and the free-radical initiator, 4,4 -azobis(4-cyanopentanol) (ACP), were prepared as described in the literature [13] . N-Isopropylacrylamide (NIPAAm, 97%, Aldrich) was purified by recrystallization from n-hexane. 4,4 -Azobis(4-cyanopentanoic acid) (ACPA, 98%, Fluka) was recrystallized from methanol. n-Hexyl acrylate (HA, Aldrich) and ethyleneglycol dimethacrylate (EGDMA, Aldrich) were purified by passing the reagents through an inhibitor remover column for benzoquinones (Aldrich). p-Dioxane (ACS grade, Fermont), diethyl ether (ACS grade, Fermont), tetrahydrofuran (THF, HPLC grade, Aldrich), and 5-fluorouracil (5-FU, Sigma) were used without further purification. (Figure 1(a) ). Poly(NIPAAm) arms were prepared using molar ratios of monomer : CTA : initiator of 180 : 1.0 : 0.2, of 132 : 1.0 : 0.2, and of 88 : 1.0 : 0.2. Statistical copolymers were synthesized with various molar percentages of the acid comonomer in order to adjust the LCST above 37 ∘ C. Poly(NIPAAm-co-4MBA), aiming at 9% of 4MBA, was synthesized using the same molar ratios that were used in the synthesis of linear poly(NIPAAm) considering the total amount of monomers NIPAAm + 4MBA in the molar ratio.
Synthesis of Linear
The general procedure was performed as follows: 0.049 g (0.147 mmol) of DFH was stirred until it was completely dissolved in 3.0 mL of p-dioxane and poured into an ampoule containing a magnetic stir bar. 2.85 g (25.18 mmol) of NIPAAm, 0.2867 g (1.30 mmol) of 4MBA, 0.0074 g (0.0295 mmol) of ACP, and 3.0 mL of p-dioxane were added to that ampoule under continuous stirring. The ampoule was degassed by three freeze-thaw cycles alternating between vacuum and argon gas. The reaction mixture was heated to 70 ∘ C under argon atmosphere, and the polymerization was performed over 16 h. The reaction mixture was cooled down to 25 ∘ C and the polymerization product was precipitated in diethyl ether, then redissolved in acetone, and finally precipitated in cold diethyl ether. The purification process was repeated three times; then, the solvent was removed under vacuum and the product was allowed to dry overnight in a vacuum oven at 25 ∘ C. Figure 1(b) ). Briefly, 1 g (0.3435 mmol) of PNIPAAm macro-CTA (used instead of DFH) was stirred until it was fully dissolved in 2.5 mL of p-dioxane and the resulting mixture was added to an ampoule containing a magnetic stir bar; 0.1799 g (1.15 mmol) of HA monomer, 0.00173 (0.00687 mmol) of ACP, and 2.5 mL of p-dioxane were added to the ampoule under continuous stirring. The ampoule was degassed by three freeze-thaw cycles alternating between vacuum and argon gas. The reaction mixture was allowed to warm up to 70 ∘ C under argon atmosphere, and the polymerization was performed with stirring for 16 h. The reaction mixture was cooled down to 25 ∘ C and the polymerization product was precipitated in diethyl ether, dissolved in acetone, and precipitated again in cold diethyl ether. The purification process was repeated three consecutive times. The solvent was removed under vacuum and the product was allowed to dry overnight in a vacuum oven at 25 ∘ C. The same procedure was followed for the preparation of block copolymers starting with macro-CTAs of poly(NIPAAm-co-4MBA). The calculations were always done considering the same macro-CTA to initiator molar ratio and the same volume of p-dioxane as the solvent of choice.
Preparation of Linear
Preparation of Star Polymers with a Cross-Linked Core.
The synthesis of star polymers using the "arm-first" RAFT method with cross-linking was adapted from procedures reported in the literature [12, 13, 44, 45] (Figure 1(c) ). Different molar ratios of cross-linker to arms were used to prepare stars polymers with PNIPAAm-b-PHA arms. An example is described as follows: 0.6 g (0.0187 mmol) of PNIPAAm-b-PHA macro-CTA was stirred until it was fully dissolved in 2.4 mL of p-dioxane and poured into an ampoule containing a magnetic stir bar; 0.037 g (0.187 mmol) of EGDMA, 0.00094 g (0.00374 mmol) of ACP, and 1.5 mL of p-dioxane were added to the ampoule under continuous stirring. The ampoule was degassed by three freeze-thaw cycles alternating between vacuum and argon gas. The reaction mixture was allowed to warm up to 70 ∘ C under argon atmosphere, and the polymerization was performed under stirring for 24 h. The reaction mixture was cooled down to 25 ∘ C and the polymerization product was precipitated in diethyl ether, redissolved in acetone, and precipitated again in cold diethyl ether. The purification process was repeated three times. The solvent was removed under vacuum and the product was allowed to dry overnight in a vacuum oven at 25 ∘ C. For the synthesis of star polymers with poly(NIPAAm-co-4MBA)-b-PHA arms, a molar ratio of EGDMA : macro-CTA = 10 : 1 was used with macro-CTA poly(NIPAAm-co-4MBA 5% )-b-PHA ( = 28,570 g mol −1 ); and EGDMA : macro-CTA ratio = 20 : 1 was used with poly(NIPAAm-co-4MBA 9% )-b-PHA ( = 21,730 g mol −1 ). ACPA was used as the initiator and a 5 : 1 molar ratio of macro-CTA : initiator was used in all the cases. The polymerization procedure is the same as the one described above.
Characterization and Measurements.
The polymerization yields were determined gravimetrically. The molecular weights and dispersity (Đ = / ) were determined by gel permeation chromatography (GPC). The GPC system consists of a Varian 9002 HPLC pump equipped with a refractive index detector (Varian RI-4), a triangle light scattering detector (Mini Dawn, = 690 nm, Wyatt), and Phenomenex separation columns: Phenogel 10 m 500Å (00H-0643-K0); Phenogel 10 m 104Å (00H-0645-K0); Phenogel 10 m 105Å (00H-0646-K0) in series. The mobile phase used in the GPC was tetrahydrofuran (THF, HPLC grade) for NIPAAm polymers (homopolymers, block copolymers, and star polymers) and THF/CH 3 COOH (50 : 1) v/v for copolymers, block copolymers, and star polymers containing acid comonomer units, while the flow rate was 0.5 mL min −1 at 25 ∘ C. Monodisperse polystyrene was used as the calibration standard to confirm the accuracy of the light scattering detector. dn/dc = 0.093 mL/g [46] , reported for polyNIPAAm in THF, was used for molecular weight determinations of all polymers without HA. For polymers containing HA, an average dn/dc value between that of polyNIPAAm and that reported for polybutylacrylate in THF (0.065 mL/g [47] ) was used, namely, 0.079 mL/g. Dynamic light scattering (DLS) was used to determine the hydrodynamic diameters ( ℎ ). Measurements were carried out at 20 ∘ C using a Zeta-sizer "Nano-ZS" from Malvern Instruments (ZEN3500) equipped with a green laser operating at = 532 nm. The angle of measurement was 173 ∘ (backscattering) and the size analysis was performed by CONTIN. The reported hydrodynamic diameters were calculated using the Stokes-Einstein equation for spheres [48] . Reported ℎ values were the maxima in size distribution by volume from CONTIN analysis. The scattering intensity as a function of temperature was also used to determine the phase transition temperature of the prepared NIPAAm polymers at a given concentration, called, for the sake of simplicity, lower critical solution temperature (LCST). The size analysis was performed at different temperatures using 3 min of equilibrating time at each temperature in a heating cycle. The polymer concentration was 1 mg mL −1 and the value reported for the LCST was the temperature at which the scattering intensity increased sharply. The solutions were prepared, shaken for 12 h, and stored overnight in the refrigerator at 4 ∘ C. Before measurements, the solutions were filtered off using a 0.45-micron syringe filter for eliminating dust. 
i o x a n e (c) Figure 1 : Synthetic routes to obtain pH and temperature sensitive star polymers.
1 H-NMR spectra were recorded on a Varian Mercury 200 MHz nuclear magnetic resonance instrument with CDCl 3 or CD 3 OD as the solvents and tetramethylsilane (TMS) as the internal reference. Atomic force microscopy (AFM) imaging experiments were performed using an Agilent Technologies SPM 5100 microscope equipped with N9520A high resolution scanner. The samples were prepared by dissolving the star polymer in a small volume of THF 
and then dispersing it in deionized water. The volumes and amounts were adjusted to obtain a concentration of 0.1 mg mL −1 in water. Then, the polymer solutions were filtered through a 0.45 m syringe filter, followed by dropcasting on a freshly cleaved mica wafer, and dried in a controlled temperature room at 20 ∘ C for 24 h. The AFM experiments were carried out using the intermittent contact mode with silicon cantilevers at ambient conditions. For each sample, three to four images were recorded from the same slide and the diameter of the assemblies was measured. The average value of the assemblies is reported as the average diameter of the star polymers.
Drug Loading and In Vitro Drug
Release. 5-FU (8 mg) was dissolved in 1.5 mL of dimethylacetamide (DMAc), while the star polymer (4 mg) was dissolved in 1.5 mL of DMAc in a separate vial. The drug solution was added dropwise to the star polymer solution with stirring at 20 ∘ C. The resulting solution was poured into a dialysis bag (molecular weight cutoff: 12,000-14,000 daltons) and it was subjected to dialysis against distilled water for 4 h to remove the nonencapsulated drug. The distilled water was replaced every 30 min for the first 2 h. The dialyzed solution was then lyophilized. The freeze-dried samples of drug-loaded star polymers were dispersed in a phosphate buffer (PBS) at pH of 7.4, followed by stirring them vigorously for 2 h and then sonicating them for 15 min. The loading amount of 5-FU in the star polymers was determined by measuring the UV absorbance at 267 nm using a Beckman Coulter spectrometer DU520. The drug loading (DL%) and entrapment efficiency (EE%) of the star polymer were calculated as follows: DL% = ( MDstar mass of stars + MDstar ) × 100,
where MD is the mass of drug (5-FU) and MDstar is the mass of drug in the star polymer. For the release experiments, the drug-loaded star polymers were placed into dialysis bags (10 mL) and dialyzed against 250 mL (sink conditions) of PBS at pH of 7.4 or at pH of 6, in a shaking bath (VWR International, model number 1217) with mild shaking motion (20 rpm) at 37 and 42 ∘ C, respectively. At predetermined time intervals, a 1 mL aliquot of the released medium was taken out and assayed for 5-FU content, and 1 mL of fresh buffer solution was replaced into the release media every predetermined time interval. The concentration of 5-FU released from the drug delivery system was monitored by measuring the UV absorbance at 267 nm using a Beckman Coulter spectrometer DU520. The cumulative drug release was calculated from the relationship based on the standard calibration curve. All the analyses were performed in triplicate and the results were reported with an average of three runs.
Results and Discussion
Synthesis of Macro-CTAs.
The chemical, molecular, and size analysis of polyNIPAAm and the statistical copolymer poly(NIPAAm-co-4MBA) as macro-CTAs were studied using FT-IR, 1 H-NMR, GPC, and DLS as analytical tools. The number average molecular weights ( ) for polyNIPAAmbased macro-CTAs are defined by the NIPAAm to CTA molar ratio, as expected for a controlled radical polymerization method like RAFT. The dispersity values (Đ) obtained for polyNIPAAm were very low ( Table 1 , entries 1 to 4) demonstrating well behaving RAFT polymerization.
A similar behavior can be observed in the case of the poly(NIPAAm-co-4MBA) statistical copolymers, showing Đ values below 1.16 (entries 5-6 in Table 1 ). These values suggest that the polymerization proceeded in all cases with a high level of control. The polymerization yields ranged from 70 to 78%.
Synthesis of Block Copolymers.
The main interest of introducing a second hydrophobic block constituted of n-hexyl acrylate (HA) units into polyNIPAAm or poly(NIPAAm-co-4MBA) linear polymers was to synthesize star polymers with a hydrophobic shell over the cross-linked core, which are able to retain drugs for transport in physiological conditions. The hydrophobic PHA block may also lead to star aggregate formation depending on the relative block size and number of arms of the star. Previously, the monomer HA had been successfully grown under RAFT polymerization conditions to form block copolymers with polyNIPAAm to generate polyNIPAAm-b-polyHA [12] and poly(NIPAAm-co-4MBA)-b-polyHA [13] . The molecular weights of the obtained products in this work are shown in Table 2 . Results in Table 2 showed that polyNIPAAm was reacted with different molar ratios of HA to form the second block. In each case, a comparison between observed and target molecular weights showed that they were similar, demonstrating good RAFT copolymerization control resulting in Đ values below 1.2 (entries 1 to 4). Indeed, when using the same molar ratio of HA to macro-CTA but polyNIPAAm macro-CTAs with different values, Đ values were not affected (entries 2 and 4). The same results regarding the high level of control can be observed for the formation of poly(NIPAAm-co-4MBA)-b-(polyHA) using as macro-CTAs statistical copolymers which have different molar ratios of 4MBA and even different lengths of the macro-CTA chain. In all the cases, good match was observed between the calculated and the observed molecular weights with low Đ values (entries 5 to 7). The obtained yields were in a range of 60 to 75%.
Synthesis of Star Polymers.
The star polymers were prepared from the block copolymers presented in Section 3.2. The block copolymers represent the arms of the star. The molar ratios of cross-linker to arms EGDMA : polyNIPAAmb-polyHA or EGDMA : poly(NIPAAm-co-4MBA)-b-polyHA for the preparation of the corresponding star polymers are shown in Table 3 . The molecular weights that were obtained from GPC for the products prepared at 10 : 1 and 20 : 1 ratios are, in most of the cases, three to four times the molecular weight of the arms. These molecular weights are lower than the expected values according to literature reports for this type of star polymer, where more arms per star were expected [17, 43] , nevertheless enough to suggest that star polymers are formed. Figure 2 shows a comparison between GPC traces for a linear copolymer, a block copolymer prepared from it (arm), and a star polymer as a result of the final reaction of the block copolymer with the cross-linker. Results reveal narrow size distributions for the linear and block copolymers and a wider distribution for the star polymer, while the retention time decreases with increasing size, as expected.
The star polymers were characterized by spectroscopy analysis. FT-IR and 1 H-NMR, spectra of a 10 : 1 star product, are shown in Figure 3 . The spectroscopic analysis confirmed the incorporation of both HA and EGDMA units into the star polymer; however, the EGDMA units were difficult to be identified separately from HA or 4MBA units (Figures  3(a) and 3(b) ). The FT-IR spectrum of the star polymer with poly(NIPAAm-co-4MBA 5% )-b-polyHA linear arms showed strong carbonyl stretching vibration of the polyNIPAAm amide groups at 1641 cm −1 and a strong carbonyl stretching band at 1731 cm −1 corresponding to the ester groups of both HA and EGDMA units. Furthermore, stretching vibration of aromatic C-H at 3074 cm −1 and at 3295 cm −1 (O-H) demonstrates the presence of the 4MBA units (Figure 3(a) ). In the case of the 1 H-NMR spectrum, the characteristic signal at 4 ppm corresponds to the methine proton on the isopropyl groups present in polyNIPAAm (signal d) and to the methylene protons attached to the HA and EGDMA ester groups (signals l and q, q ), respectively, whereas in the case of the 4MBA units in the linear arms, the chemical shifts of aromatic protons (signals h and i) are observed at 7.2 and 8 ppm, respectively; other signals are superimposed and were assigned as shown in that spectrum (Figure 3(b) ). The DLS technique was also used to characterize the materials. Figure 4(a) shows the hydrodynamic diameters ( ℎ ) of poly(NIPAAm-co-4MBA 5% ), poly(NIPAAmco-4MBA 5% )-b-polyHA, linear arms, and star polymer [poly(NIPAAm-co-4MBA 5% )-b-polyHA] 1 -EGDMA 10 , all at 20 ∘ C. As can be seen, the size of the materials increases in each synthetic step. Furthermore, the size increases from polymer arm (∼10 nm) to star polymer (∼100 nm) suggesting that the star polymer is not a simple star polymer with a congested core.
The core cross-linked star architecture may contain a loose core as described in [12] . Figure 4(b) shows the light scattering intensity at different temperatures for the materials at pH of 7.4. At a given temperature, an increase in the intensity is observed due to aggregation of the particles. We consider this point as the LCST of the materials. As can be observed, the LCST is the same for the copolymer and the block copolymer, whereas in the case of the star polymer it is shifted to lower temperatures. The LCST is originated from the poly(NIPAAm-co-4MBA) copolymer, first block of the star arms, and modified slightly by cross-linking with EGDMA.
To further investigate the obtained star polymer structures, ℎ was determined in buffer solutions; results are shown in Table 4 . The observed hydrodynamic diameter depends on the size of the arms and on the arms-to-crosslinker ratio. The larger the arms, the longer the star diameter, in agreement with the molecular weight of the stars; but also the smaller the cross-linker-to-arms ratio, the longer the star diameter. Lower cross-linker content in the star synthesis may result in a less congested core which may lead to star/star coupling reactions during polymerization, while higher cross-linker content in the synthesis may result in a more congested core hindering star-to-star coupling during the synthesis. In the case of the star polymers containing acid units, that is, the star polymer prepared using poly(NIPAAmco-4MBA 5% )-b-polyHA ( = 28,570 g/mol) arms, the diameter ( ℎ ) depends also on the ionization of those acid units. In PBS, at pH 7.4, the tendency of contraction of hydrophobic polyHA units is counterbalanced by the expansion of arms due to ionization of 4MBA units. It was observed that ℎ value of star polymer in PBS at 20 ∘ C is smaller at pH 6 than at pH 7.4. This might be directly related to the fact that at this pH value the 4MBA units are not completely ionized [49] , contributing, together with polyHA units, to the increase in the hydrophobic balance resulting in shrinkage of the star polymer arms. The star polymer reported in entry 3 (Table 4 ) also shows a smaller diameter at pH 6. Therefore, the size of star polymers under certain solvent conditions, either organic or aqueous at certain pH value, results from balance of different contributions from the units present in the star polymer. The effect of pH on the LCST values of the prepared star polymers is also shown in Table 4 case of star polymers containing [poly(NIPAAm-co-4MBA)-b-polyHA] arms (entries 3 and 4), the observed LCST values were in the range from 40 to 46 ∘ C at pH of 7.4, depending on the 4MBA content in the arms of the star. In Figure 5 , the effect of pH on the LCST values of star polymers is shown.
The increase in the LCST at pH 7.4 can be attributed to the presence of the acid comonomer 4MBA, taking into consideration the fact that its p value is 5.3 [49] . As a result, at pH 7.4, the majority of monomer units are ionized increasing the interaction with water and hence requiring a higher temperature for chain collapse to occur. The results of the LCST analysis in PBS at pH 6 are also shown in Table 4 . In the case of star polymers containing [poly(NIPAAm-co-4-MBA)-b-polyHA] arms (entries 3 and 4), the observed LCST values are 36 ∘ C which are lower than the LCST at pH 7.4 (see also Figure 5 ). This is attributed to the decrease in the ionization degree of 4MBA at pH 6 reducing the interaction with water. The results imply that this star polymer responds to changes in pH and temperature and that its LCST values at different pH values are optimized for drug delivery applications.
Further evidence of the star polymers morphology is obtained from the AFM analysis. In Figure 6 96.27 ± 17.2 nm for the star without acid units. The sizes obtained by AFM are in good agreement with the DLS measurements (112.4 ± 4.8, at pH ∼ 6 of aqueous dispersion, and 108.8 ± 3.6 nm, resp.); the slightly smaller sizes by AFM can be attributed to the drying process of the star polymers on the mica surface before measurement.
Drug Loading and Release Experiments.
For the drug loading and release experiments, two star polymers were chosen with similar arm size and star architecture: the stars prepared with a 10 : 1 ratio of EGDMA : arms were selected since their arms are comparable in size: is 32070 g/mol for polyNIPAAm-b-polyHA arms and 28570 g/mol for poly(NIPAAm-co-4MBA 5% )-b-polyHA arms. As previously discussed, the LCST of the corresponding star polymers with polyNIPAAm-b-polyHA arms was 32 ∘ C, whilst the LCST of the [(polyNIPAAm-co-4MBA 5% )-b-polyHA] 1 -EGDMA 10 star was close to 40 ∘ C at pH of 7.4 and 36 ∘ C at pH of 6, which are suitable for a dual sensitivity drug delivery system. The selected star polymers were loaded with 5-FU by the dialysis method. The dialysis time plays an important role in the yield of loaded star polymers avoiding excess of nonbound drug. As the optimized dialysis time, a 4 h period was used to yield 30.5 w/w% loading with 25% efficiency for the acid containing star polymer and 25.3 w/w% loading and 16% efficiency for the star polymer without acid groups. Figure 7 shows a comparison of release profiles of 5-FU under different temperature and pH conditions. The free drug diffuses out of the dialysis bag in approximately 30 min (68% cumulative release) at 37 ∘ C in medium at pH of 7.4. In the case of the star that contains the acid monomer 4MBA, at pH 7.4 and 37 ∘ C (T < LCST), a burst of 20% release at the beginning of the process (20 min) was observed, which may be related to the fact that 5-FU molecules are entrapped and distributed in the arms of the star and also at the interface between core and shell. However, the drug release is halted to 25% even after 26 h, while at 42 ∘ C (T = LCST), the cumulative release increases to approximately 70% after 26 h. At pH 6 and 37 ∘ C (T > LCST at these conditions), cumulative release of about 84% in 26 h was observed. On the other hand, the star without acid units (4MBA) shows cumulative release at 26 h of about 90% at 37 ∘ C and 87% at 42 ∘ C (T > LCST), respectively. Both temperatures are much higher than the LCST of that star. The effect that the pH has on the release rate is clearly visible in the case of the star polymer containing 4MBA units.
The kinetics of release depend on the difference between the experimental temperature and the LCST; in other words, they depend on how large this difference is. The slowest release rate was obtained when the experimental temperature was lower than the LCST. In this case, the PHA hydrophobic shell over the core of the star polymer containing 4MBA units retained 75% of the 5-FU loaded. In the case of the star without 4MBA units, the release temperature was 5 ∘ C higher than the LCST; the star polymer tends to precipitate generating release channels for 5-FU.
Drug release studies with temperature jump cycles between 37 ∘ C and 42 ∘ C are shown in Figure 8 . Increasing the temperature from 37 ∘ C to 42 ∘ C results in an increase of release rate for the star without acid units (T > LCST at both temperatures) indicating a temperature effect on drug diffusivity. However, the temperature release control is more efficient for the polymeric star containing the acid monomers when it goes from T < LCST at 37 ∘ C and pH 7.4 to T = LCST at 42 ∘ C and the same pH. In this experiment, it was also observed that the star polymer with arms containing acid units (4MBA) acts as a nanopump since the temperature cycles increased the rate of release. Altogether, 100% drug release was attained after 6.5 h of applying temperature cycles, whilst at a constant temperature, the cumulative release was 70% after 26 h at 42 ∘ C (pH 7.4). At pH of 6, faster release than at pH of 7.4 was observed, both at 37 ∘ C (Figure 8) . A jump in temperature to 42 ∘ C produces even faster release at both pH values, delivering the payload in the first temperature cycle almost completely at pH 6 but not at pH 7.4. These results are very encouraging in regard to the potential application as release carriers of the temperature and pH sensitive star polymers that were prepared, considering that release occurs at conditions found in some pathologies such as in tumors. Based on these results, the star polymer containing acid units, namely, [poly(NIPAAm-co-4MBA 5% )-b-polyHA] 1 -EGDMA 10 ( = 100,700 g/mol), represents an advanced drug carrier exhibiting tunable release kinetics for 5-FU that can be modified by increasing the temperature above the normal body temperature at physiological pH, either by a pathology or by external induction, and/or at lower pH than physiological pH in the site of delivery at normal body temperature, as found in tumors or in endosomes.
Conclusions
It was shown that it is possible to synthetize star polymers with well-defined arms in specific composition by combining the RAFT technique with the use of cross-linkers. The ratio of cross-linker to macro-CTA (arms) is critical in order to obtain the desired product. The prepared star polymers containing (polyNIPAAm-b-polyHA) arms in different sizes and composition with a cross-linked core showed the same LCST as linear polyNIPAAm (30-32 ∘ C). The RAFT process allows for the incorporation of amphiphilic weak acids into the polyNIPAAm block producing pH and temperature sensitive materials. The LCST of the star polymers containing [poly(NIPAAm-co-4MBA)-b-polyHA] arms was tailored to values in the range of 40 to 46 ∘ C, at pH of 7.4, depending on 4MBA content, and about 36 ∘ C at pH of 6. The polymeric stars can be loaded with 5-FU up to 30 w/w%. In vitro release experiments showed that the star polymer materials release 5-FU at higher rates when the temperature is above their LCST. The loaded star polymers behave as nanopumps with off/on release if subjected to temperature cycles around the LCST. From these findings, we conclude that the temperature sensitive star polymers with an adjusted LCST, containing 4MBA, are promising intelligent drug carriers with the advantages of temperature and pH adjustable release kinetics.
